Objective: Dysregulation of the autonomic nervous system is thought to be involved in craniopharyngioma-related hypothalamic obesity (CRHO). Increased parasympathetic activity and decreased sympathetic activity have been suggested. We aimed to study autonomic activity using heart rate variability (HRV) and biochemical measures in youth with CRHO compared with controls and to explore relationships between obesity and autonomic indices. Design: A cross-sectional study of 16 youth with CRHO and 16 controls matched for sex, age, and BMI. Methods: Anthropometrics, fasting blood-work, resting energy expenditure (REE), 24-h HRV, and 24-h urine catecholamines were assessed. Quality of life, sleepiness, and autonomic symptoms were evaluated. Power spectral analysis of the HRV was performed. Results: HRV power spectral analysis parameters of both parasympathetic activity (mean high frequency (HF (ms 2 )) 611G504 vs 459G336, PZ0.325) and sympathetic activity (median low frequency/HF 1.62 (1.37, 2.41) vs 1.89 (1.44, 2.99), PZ0.650) did not differ between the groups. Parasympathetic activity negatively correlated with central adiposity in both groups (rZK0.53, PZ0.034 and rZK0.54, PZ0.029) and sympathetic activity positively correlated with central adiposity in CRHO (rZ0.51, PZ0.043). Youth with CRHO had significantly lower REE; lower health and activity scores in the quality of life questionnaires, and higher sleepiness scores. Conclusions: Autonomic activity was similar in CRHO and control subjects. The degree of central adiposity correlated negatively with parasympathetic activity and positively with sympathetic activity in children with CRHO. These results provide a new perspective regarding autonomic balance in this unique patient population.
Introduction
Hypothalamic energy regulation is a complex system balancing energy intake, expenditure, and storage (1) . Hypothalamic obesity (HO) can be caused by any type of hypothalamic impairment, either acquired or congenital (2) . One such cause is tumors and their treatment effects, including craniopharyngioma (3) . Craniopharyngioma tumor histology is benign and long-term survival rates are high (4, 5) . Complications are also common, and both the tumor and the treatment can lead to significant long-term endocrinological and neurological morbidity. One of the most troublesome complications is HO (6) . Hyperphagia is described in many cases and contributes to obesity; however, it was found that increased intake is not necessary for the development of HO (7) . An imbalance in the activity of the autonomic nervous system (ANS) efferent hypothalamic pathways has been hypothesized as an important contributor to the development of this obesity (1, 2) . A number of studies have suggested that decreased sympathetic activity (8, 9) and increased parasympathetic activity may play a role (10) . Measurements included mostly biochemical markers of autonomic activity in small groups of patients. Confirming such an autonomic imbalance could lead to new treatment pathways for this type of obesity as well as contribute to the understanding of energy balance regulation in humans. Analysis of heart rate variability (HRV) is a simple and noninvasive technique that can be used to evaluate cardiovascular autonomic activity based on electrocardiography (ECG) recordings (11) .
The objectives of this study were: i) to evaluate parasympathetic and sympathetic activity in children with craniopharyngioma-related HO (CRHO) compared with control subjects matched for sex, age, and BMI, using HRV indices as well as biochemical markers; ii) to assess relationships between markers of autonomic activity and the degree of obesity; and iii) to assess associations between the activity of the parasympathetic nervous system at the level of the pancreas, as indexed by pancreatic polypeptide, and insulin secretion. Vagal stimulation is the major regulator for pancreatic polypeptide secretion from pancreatic F cells (12) , and plasma levels of pancreatic polypeptide are considered an indirect marker of parasympathetic activity on the pancreas. We hypothesized that children with CRHO will exhibit increased parasympathetic activity and decreased sympathetic activity compared with obese controls and that obesity will be positively related to parasympathetic activity and negatively to sympathetic activity in children with CRHO. We further hypothesized that pancreatic polypeptide levels will positively correlate with insulin secretion.
Materials and methods
Children and adolescents 8-20 years of age, overweight and obese, previously treated for craniopharyngioma, and followed at The Hospital for Sick Children in Toronto were invited to participate. Overweight and obesity were defined as BMI R85th and R95th percentile respectively for age on the gender-appropriate Centre for Disease Control growth curves (http://www. cdc.gov/growthcharts/clinical_charts.htm). Time from initial surgical treatment was at least 6 months. Known pituitary hormonal deficiencies were appropriately replaced before participation in the study. Control children with exogenous obesity were recruited from various outpatient clinics in the hospital as well as through volunteer flyers posted in the hospital. CRHO and control groups were matched for sex, age, and BMI. Exclusion criteria included individuals with other hypothalamic abnormalities or an underlying diagnosis of a cardiovascular abnormality. Patients taking medications that might affect autonomic activity were excluded or asked to hold the treatment for five half-lives before the day of the study visit. The study protocol was approved by the Research Ethics Board at The Hospital for Sick Children. All subjects and/or parents provided written informed consent for participation. In order to assess hypothalamic involvement in the CRHO subjects, brain imaging series were assessed for each (15 subjects had magnetic resonance images and one had computed tomography images). Hypothalamic involvement was classified using the grading system suggested by Mü ller et al. (3) . Grade 0 includes tumors with no hypothalamic involvement/lesion. Grade 1 includes tumors with involvement of the anterior hypothalamus, the region posteriorly to the stalk and anteriorly to the mammillary bodies. Grade 2 includes tumors with hypothalamic involvement of the anterior and posterior hypothalamic area, i.e. involving the mammillary bodies and the area beyond mammillary bodies. Displacement of the mammillary bodies was not considered as involvement.
Study protocol
Evaluation included one visit to The Hospital for Sick Children followed by a 24-h urine collection and 24-h holter ECG monitoring completed at home. Subjects arrived fasting in the morning. Three measurements of height, weight, and waist circumference were completed for each subject using a standard, calibrated scale and wall-mounted stadiometer; the mean was taken for analyses. BMI (weight (kg))/(height (m) 2 ) and the waist-to-height ratio were calculated for each subject. The waist-to-height ratio is a measure found to correlate with the degree of central obesity and with the risk for cardiometabolic complications in children (13) . Three systolic and diastolic BP measurements taken 1 min apart in the right arm in the seated position were recorded; the mean of each was taken for analyses. Fasting blood-work was drawn for glucose, insulin, free thyroxine, and pancreatic polypeptide, as a marker of pancreatic parasympathetic activity. Body composition was assessed using air displacement plethysmography using the BOD POD (Life Measurement Incorporated, Concord, CA, USA) (14) . Resting energy expenditure (REE) was measured by open-circuit indirect calorimetry using expired gas analysis for oxygen consumption and carbon dioxide elimination rates on a VMax Encore (VIASYS Healthcare, Dublin, OH, USA) (15) .
Questionnaires
In order to assess health-related quality of life and fatigue, a common symptom in children with CRHO, participants completed the pediatric quality of life inventory generic core scale (PedsQL 4.0), the PedsQL multidimensional fatigue scale, and the Epworth sleepiness scale, a measure used to assess tendency to fall asleep during normal daily activities (M W Johns 1990-1997). Data regarding medical history were also collected. In order to detect symptoms suggesting autonomic dysfunction, questions regarding hot/cold spells, flushing, increased or decreased sweating, and swelling of hands and feet were included.
Autonomic function
To assess HRV, a five-lead holter ECG monitor (SEER Light and SEER Light Extend; GE Healthcare, Milwaukee, WI, USA) was placed. Subjects were asked to keep a journal of sleep and awake times during the recording period and were instructed to disconnect the device after 24 h. HRV was analyzed by power spectral analysis of intervals between sequential R waves (R-R intervals) (MARS GE Medical Systems); parameters were assessed over the full 24-h period, as well as separately for the awake and sleep periods. The power spectra were divided into very-low frequency (LF, !0.04 Hz), LF (0.04-0.15 Hz), and high frequency (HF, 0.15-0.4 Hz) bands based on accepted standards (11) . Parasympathetic activity is best reflected by the HF component. The LF component reflects both sympathetic and parasympathetic activities and normalization of LF power or use of the LF:HF ratio represents more reliably sympathetic cardiac activity (11) . Normalized spectral band powers (in normalized units) were calculated as LFnuZLF/(LFCHF) and HFnuZHF/(LFCHF). Urine was collected during a 24-h period for analysis of creatinine, catecholamine, and catecholamine metabolite levels, including homovanillic acid (HVA), vanillylmandelic acid (VMA), epinephrine, norepinephrine, metanephrine, and normetanephrine. The catecholamine-to-creatinine ratio was calculated for each. Levels of fasting plasma pancreatic polypeptide were measured using the Milliplex map Human Gut Hormone Panel (EMD Millipore, Darmstadt, Germany).
Statistical analysis
Statistical analysis was performed using the Statistical Package for Social Sciences Software (IBM SPSS Statistics, version 19.0). The sample size was based on mean values of HRV HFnu (reflecting parasympathetic activity) of 14.1G4.3 in obese adolescents (16) . With 14 subjects in each group, there is 80% power to detect a 1 S.D. difference between groups with an a of 0.05. Continuous variables were assessed for normality by the Kolmogorov-Smirnov test and are expressed as meanGS.D. or median with 25th and 75th percentiles. Categorical variables are expressed as frequencies as well as proportions. Comparisons between groups were performed using two-tailed independent sample t-test or Mann-Whitney U test for continuous variables and c 2 analysis for categorical parameters. Differences in these tests were considered statistically significant with P%0.05. Pearson and/or Spearman univariate correlation analyses were performed for normally and non-normally distributed variables to assess measurements related to autonomic function and obesity.
Results

Study subjects
Sixteen out of 18 eligible children and adolescents with craniopharyngioma and 16 control subjects participated in the study. Subject characteristics are presented in Table 1 . Mean age of CRHO patients was 16.5G3.4 years, mean BMI 36.4G9.5 kg/m 2 , and mean time from diagnosis 7G3.7 years (range 1.2-13.8). There were no differences between the groups in terms of age, gender, BMI, or ethnic origin. Mean waist-to-height ratio, fat mass, as well as fat-free mass were also not different between groups (Table 1) . Fifteen out of 16 (94%) CRHO subjects were receiving supplementation for pituitary deficiencies. Out of 13 patients with ACTH deficiency, ten were treated with GH and three had normal growth despite GH deficiency (GHD), a phenomenon described in this population (17) . One of the control subjects was taking hormonal supplementation for autoimmune thyroiditis. All CRHO subjects had evidence for hypothalamic involvement on brain imaging, three subjects had grade 1 involvement, and 13 subjects had grade 2 involvement.
Parasympathetic indices
Indices of parasympathetic activity included HRV HF (normalized units and ms 2 ), as well as plasma pancreatic polypeptide (Table 2, Fig. 1A ). No significant differences were found between groups in HF during the full 24 h, the sleep or awake periods. Fasting plasma pancreatic polypeptide levels were not different between groups and none of the pancreatic polypeptide levels were elevated above the normal range.
Sympathetic indices
Indices of sympathetic activity included HRV LF (normalized units) and LF/HF (ms 2 /ms 2 ) and urine catecholamines ( Table 2, Fig. 1B ). HRV sympathetic indices were not significantly different between groups for any of the periods tested. No significant difference in urine VMA or HVA and similar epinephrine and norepinephrine levels corrected for creatinine were detected. Urine metanephrine-to-creatinine levels were significantly higher in the CRHO group. HVA, epinephrine-to-creatinine, and total metanephrineto-creatinine ratios were normal in all study participants. Levels of urine VMA were mildly elevated in two CRHO subjects and four controls, and norepinephrineto-creatinine ratio was mildly elevated in two CRHO subjects and no controls. 
Questionnaires and REE
Craniopharyngioma subjects scored lower in the physical health section of the PedsQL questionnaires (Table 2 ). There was no significant difference between groups in the total score on the PedsQL or in other sections of the questionnaire. CRHO subjects scored higher on the Epworth sleepiness scale. A trend toward a higher proportion of CRHO subjects had at least one symptom suggesting autonomic dysfunction. REE was significantly lower in the CRHO group.
Correlation between autonomic indices and measures of obesity
In the CRHO group, HRV parasympathetic indices during the full 24-h recording as well as during awakeness correlated negatively with the waistto-height ratio (rZK0.53, PZ0.034 and rZK0.55, PZ0.029 respectively; Fig. 2 ). HRV sympathetic indices (LF/HF) during the full 24-h recording and during sleep correlated positively with the waistto-height ratio (rZ0.51, PZ0.043 and rZ0.54, PZ0.033 respectively). In the control group, similar relationships between adiposity and parasympathetic markers were identified (rZK0.54, PZ0.029 over 24 h and rZK0.52, PZ0.037 during awakeness); sympathetic markers on the other hand did not correlate with the degree of obesity. The plasma pancreatic polypeptide levels did not correlate with fasting insulin levels in either group.
Discussion
In this study, children and adolescents with HO following treatment for craniopharyngioma exhibited similar levels of sympathetic and parasympathetic activity based on HRV indices, plasma pancreatic polypeptide, and urine epinephrine, norepinephrine, and VMA compared with obese controls. Using prolonged ECG recording for HRV analysis enabled us to evaluate autonomic activity while subjects were engaging in routine daily activities. To the best of our knowledge, this is the first study to investigate HRV in youth with CRHO, providing a new perspective on ANS function in this population. The ANS is known to have three divisions, the sympathetic, parasympathetic, and enteric. The relationships between the enteric nervous system and the CNS are complex, involving the two other ANS divisions (18) . Various methods can be used for assessing autonomic activity; most rely on evaluation of cardiovascular reflexes indirectly reflecting sympathetic or parasympathetic activity (19) . Other indirect measures can include levels of peptides involved in energy regulation as a surrogate of the autonomic effect on the enteric system. As no single test accurately reflects the function of a specific branch of the ANS, batteries of tests may be used. We chose to combine methods assessing biochemical markers of autonomic activity and a prolonged 24-h ECG recording. This recording enabled analysis of autonomic activity over the full 24 h as well as separately for awake and sleep HRV, heart rate variability; LF, low frequency; HF, high frequency; HFnu, HF in normalized units HFnuZHF/(HFCLF); LFnu, LF in normalized units LFnuZLF/(HFCLF); U-NE/creatinine, urine norepinephrine-to-creatinine ratio; U-Epi/Creat, urine epinephrine-to-creatinine ratio; U-VMA, urine vanillylmandelic acid; U-Met/creatinine, urine metanephrine-to-creatinine ratio; U-NMet/creatinine, urine normetanephrine-to-creatinine ratio. *P!0.05 t-test (two tailed).
periods. HRV is a simple, noninvasive method for assessing cardiac autonomic activity with good reproducibility in children (20) . HRV methods, particularly the power spectral analysis of the frequency domain, are gaining wider use in clinical research involving various pediatric and adult populations (21) . There is a clear link between hypothalamic damage and altered ANS balance in experimental animals; rats with lesions of the ventromedial and lateral hypothalamus are characterized by hyperphagia, reduced sympathetic and increased parasympathetic activities, delayed satiety, decreased thermogenesis, and decreased ability to mobilize fatty acids. These rats develop obesity, even with food restriction (22, 23) . The literature suggests a relationship between autonomic dysfunction and HO in craniopharyngioma patients, yet data in this area are sparse and the evidence holds some important limitations. Two studies that assessed biochemical markers of autonomic activity support decreased sympathetic activity in craniopharyngioma patients (8, 9) . When compared with our findings, differences in the characteristics of the control population (i.e. healthy children with short stature as control subjects vs obese in our study) and a variety of methods of measurement may account for the discrepancies. Further support for the role of sympathetic impairment comes from the improvement seen in terms of reduced weight gain and increased activity and attention when treating CRHO patients with medications that increase sympathetic tone (24, 25, 26) . However, while a beneficial effect was demonstrated, when compared with subjects with other causes of obesity, the CRHO patients actually showed partial resistance to the medication and a milder response (25) . In support of increased parasympathetic activity, elevated levels of insulin have been reported in CRHO, even after adjusting for fat mass (27, 28) , and improvement in terms of reduced weight gain was demonstrated with treatments targeted at suppressing pancreatic b-cell activity (10, 29, 30) . As these are indirect measures that most likely are affected by multiple factors, their interpretation is limited. In adults with untreated GHD, HRV analyses suggest decreased sympathetic and increased parasympathetic activity compared with healthy controls (31) . Assuming that similar trends would occur in children, those with untreated GHD would have further increased differences between our study and control groups. In this study, the number of children with GHD and untreated (nZ3) was too small to analyze.
We recruited patients at least 6 months following the initial treatment for craniopharyngioma in order to assess them in a more stable clinical state, when pituitary imbalances are adequately treated and patients are engaged in routine activities. Rapid weight gain is known to begin very early after treatment (17) , and assessment of autonomic activity earlier in the postoperative period might have allowed us to better differentiate the tumor and treatment autonomic effects vs those of obesity per se.
A negative correlation between HRV parasympathetic indices and central obesity is demonstrated in both of our study groups. Similar relationships are described in the literature on childhood obesity, with lower HF power on HRV analysis (a parasympathetic marker) in obese children compared with normal-weight children (32, 33) . A positive correlation between the degree of obesity and the HRV sympathetic markers is found only in the CRHO group. The literature on this topic in children with obesity is conflicting, with studies demonstrating increased (33) , reduced (32), or similar (34) levels of sympathetic activity in obese children when compared with normal-weight children.
Fasting pancreatic polypeptide levels were similar in CRHO and control subjects; one potential explanation is that clear differences in levels might be present only in the stimulated state, in response to food intake. A surprising finding is the increased urine-free metanephrines in CRHO subjects compared with controls, despite similar levels of other catecholamines and their metabolites. As levels of total metanephrines were in the normal range in both groups, the clinical significance of this finding is not clear. Metanephrines are the product of catecholamine degradation in the adrenal glands; a potential explanation for this finding is that adrenal catecholamine production is higher in this population in order to compensate for decreased neuronal catecholamine secretion. Alternatively, this could reflect increased degradation of these metabolites and potentially a decreased local effect.
Subjects with CRHO demonstrated significantly lower REE, lower scores in the physical activity sections of the PedsQL, and higher sleepiness scores. We found the REE to be decreased in CRHO subjects despite no difference in sympathetic activity. This might not be surprising as although tonic sympathetic activity affects REE (35) , this b-adrenergic support is relatively minor and it appears that the sympathetic system has a more significant role in the thermogenic effect of food. The two groups were similar in terms of fat-free mass and tests were conducted under similar conditions; therefore, these could not explain the lower REE in CRHO. These differences between groups are supported by previous studies in which patients with craniopharyngioma were found to have lower REE compared with controls, a finding not explained by differences in body composition (7, 36) . The decreased habitual daily physical activity may be contributing to lower REE in patients with craniopharyngioma. Other, potentially central mechanisms, may also be involved in contributing to low REE in this population. Decreased quality of life (37) , sleep fragmentation, and increased daytime sleepiness have also been described in this population (4, 38) .
There are limitations to our study. A relatively small sample size secondary to the rarity of this condition might have altered the ability to detect small differences between CRHO patients and controls, despite an adequate power calculation. A control group of normal-weight subjects was not included in this study; therefore, we cannot draw direct conclusions as to how autonomic measures in the CRHO group would differ from those of normal-weight subjects. However, given that this study was designed to test differences between autonomic function and HO vs nonhypothalamic obesity, we felt this was the most appropriate 'control' group for comparison. The cross-sectional design of the study does not allow for assessment of causality. Another challenging issue is that alimentary autonomic activity cannot be evaluated directly; therefore, we must rely on the reflection of this activity in the cardiovascular markers. This may leave important differences between groups unrecognized. Nutrient intake is related to cardiac autonomic function; in obese adults cardiac parasympathetic dysfunction was found to be associated with higher carbohydrate intake and lower fat and protein intake (39) . Whether differences in nutrient intake may have 'masked' differences in autonomic activity could not be determined and would be interesting to include in future studies.
In summary, energy expenditure is regulated by a complex interplay between hormonal, neuronal, and nutrient signals involving, among other systems, the three ANS divisions and the hypothalamus. Isolating the specific role of each variable is subject to multiple limitations. While our findings do not support our original hypothesis, they do provide additional information regarding autonomic activity in the CRHO population. Future research evaluating autonomic activity in craniopharyngioma patients prospectively from the time of diagnosis following alterations in autonomic activity and weight could add valuable information as to how these systems influence each other in this population. Additional study of the relationships between autonomic activity and fat distribution would be of value.
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